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的角色。核酸适配体 HJ24 是一种能高亲和力、高选择性的识别 SHP2 的分子探
针，具有单分子分子内聚四链体结构。从单分子水平上研究 HJ24 与 SHP2 的识
别、解离机制不仅有助于研究配体-受体作用机制，而且有助于揭示生命体中广
泛存在的 G4-DNA 的生理学活性及功能。 
本论文围绕着 HJ24-SHP2 解离机制和解离步骤的研究，首先建立 G4-DNA
结构的 AFM 力谱研究方案，验证 SHP2 与分子内 G4-DNA 适配体作用机制的研
究可行性。然后对不同的生物分子修饰方法进行比较，选择合适的修饰方法，并






（1）采用双标记和单标记 DNA 的方法，建立了 G4-DNA 适配体分子内及与
靶蛋白分子间作用的 AFM 力谱研究平台，首次实现了分子内聚四链体的 AFM
单分子力谱研究。并通过单一加载速率的力谱实验，初步发现，HJ24 在水溶液

























（3）通过 AFM 动力学谱的测量以及动力学参数的计算，我们研究 HJ24 二
级机构熔断以及 SHP2-HJ24 复合物解离的动力学机制。HJ24 解链与 HJ24-SHP2
复合物解离在试验加载速度范围内，都出现两个线性区域，这表明在每一个加载
速率下G4-DNA HJ24 的解链与 HJ24-SHP2 复合物的解离都是由两个能垒和一个
中间态控制的。通过计算和比较两者的动力学参数，我们发现 G4-DNA HJ24 在
SHP2-HJ24 复合物解离的过程中逐渐解链，并在最终解离前完成解链，而钾离子
起到稳定远程能垒的作用。（第四章） 
（4）利用 AFM 成像技术，并辅以电化学方法研究了 G4-DNA 适配体 HJ24
在 HOPG 上的组装行为。研究结果表明，HJ24 在 HOPG 表面吸附的覆盖度随
K+浓度的增大而减小，其吸附状态与其浓度、二级结构、基底构型以及修饰基团





























Biorecognition processes play a fundamental role in life activities. In certain 
sense, deciphering the details of molecular interactions and stoichiometry is to 
elucidate the basic language of all biological processes, importantly for understanding 
biological processes, disease pathogenesis and mechanism of antitumor drugs. Owing 
to its piconewton force sensitivity and nanometer positioning accuracy, atomic force 
microscope (AFM) has emerged as a powerful tool for exploring the forces a nd the 
dynamics of inter- or intra-molecular interactions. SHP2, the Src homology 
phosphotyrosylphosphatase, widely expressed in cytoplasm, has been established as a 
critical contributor to many important signaling pathways, regulating a broad range of 
cellular processes including proliferation, differentiation, migration, apoptosis, and 
immune responses. Aptamer HJ24 derived from in vitro selection experiments 
(termed SELEX) is a kind of molecular probes with high-affinity and specific 
molecular recognition for SHP2. Active HJ24 forms a parallel G-quadruplex structure, 
which is vital to the binding of HJ24 to its target. Consequently, elucidating the 
processes of recognition and dissociation between HJ24 and SHP2 at single-molecule 
level will deepen our understanding of receptor- ligand interaction mechanism, but 
also be of great significance to delineate the physiological roles of G-quadruplexs 
existing in several biologically important DNA regions.  
This dissertation focuses on studying the mechanism and steps of HJ24-SHP2 
complex disassociation by AFM. On this target,  we firstly presented and validated an 
approach for AFM investigation of an integral unimolecular G-quadruplex system, 
then compared and selected the optimal methods of SHP2 immobilization. Based on 
these, dynamic force spectra for secondary structure melting of HJ24 and dissociation 
of HJ24-SHP2 complex were measured to deduce the possible characters and steps of 
aptamer-protein unbinding. Furthermore, molecular self-assembly behaviour of HJ24 
















measurements. Finally, a method of measuring elastic modulus in living cells was 
developed and used primarily to characterize the elasticity difference of benign 
(CRL-2614) and cancerous (CaSki) human cervical cells and to exam the response 
specificity of human osteosarcoma cell (MG63) to size of extracellular space. The 
main contents and obtained results are as follows: 
(1) We presented an improved dual- labeling approach for tip modification of 
G-quadruplex DNA apatmers for investigation of an integral unimolecular 
G-quadruplex system using AFM based SMFS. In this approach, the melting force of 
HJ24 and the rupture force of HJ24-SHP2 complex were measured. It has been found 
that dynamic equilibrium exists between unfolding and folding structures of the HJ24 
aptamer even in pure water. Furthermore, the targert protein SHP2 and K+ can induce 
the secondary structure of the HJ24 more stability. (Chapter 2) 
(2) Two approaches were available to immobilize an GST fused SHP2 onto an 
substrate: coupling with EGS as spacer or directly bounding GST tag to a gold 
surface. Comparing two surface modification protocols for AFM imaging, enzyme 
activity and recognition force microscopy, it is concluded that gold-immobilized GST 
fused SHP2 has advantages of obtaining simple and clear AFM imaging and low 
non-specific adhesion of force curves, latter being suited for SMFS detection. While 
the substrate modified by EGS can further couple all proteins, but hard to acquire a 
plat and reproducible surface. We selected the method of using EGS as spacer to 
further study the role of HJ24 in the dissociation of HJ24-SHP2 complex applying 
single-molecule force spectroscopy. (Chapter 3) 
(3) The dynamic process of HJ24 melting and HJ24-SHP2 complex dissociation 
were investigated in detail. Through exploring the dependence of melting of HJ24 
and unbinding forces of HJ24-SHP2 complex on the loading rate, it had been found 
that the melting and unbinding processes were dominated by two energy barriers. 
Then, we fitted the experimental data by the Bell-Evans model to determine and 
compare their dynamic parameters. The results show that HJ24 gradually melt during 
the dissociation of SHP2-HJ24 complex before the complete rupture of SHP2-HJ24 
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